Ex per i ments have been con ducted to study the ef fect of noz zle open ing pres sure on the com bus tion pro cess and ex haust emis sions of a di rect in jec tion die sel en gine fueled with or ange skin pow der die sel so lu tion (OSPDS). Ear lier in ves ti
In tro duc tion
Die sel en gines have been widely used as a power source of en gi neer ing ma chin ery, wa ter pump ing, ship ping, and au to mo biles be cause of their ex cel lent driveability and ther mal ef fi ciency. At the same time, die sel en gines are the ma jor con tri bu tors of var i ous types of air pol lut ants such as smoke, par tic u late mat ter (PM), ox ides of ni tro gen (NO x ), and other harm ful com pounds. Hence strin gent norms are im posed on ex haust emis sions from au to mo biles to protect the en vi ron ment. Many re search works are in prog ress to de velop newer tech nol o gies to reduce emis sions.
In the last 20 years, con sid er able at ten tion has been fo cused on bio mass fuel. Bio mass rep re sents a re new able en ergy source that has not yet been har nessed to its full po ten tial. Biomass can not be fer mented for gen er a tion of biogas which can be pul ver ized and mixed with a car rier me dium like oil, wa ter or meth a nol to form a slurry fuel. Many in ves ti ga tions have been car ried out in sev eral coun tries in the de vel op ment of coal slurry fu els, es pe cially COS (coal-oil so lu tions), CWS (coal-wa ter slurry) or their use in me dium die sel en gine [1] . Ex per i ments were car ried out us ing pul ver ized co co nut shell -high speed die sel oil slurry as an al ter na tive fuel [2] . How ever, be cause of the high vis cos ity frac tion of co co nut shell pow der, the load ing was limited to 25%. In ad di tion the prob lem of ero sion was ob served.
In dia is an ag ri cul ture based coun try and bio mass like or ange skin is avail able in large quan ti ties. Hence the dis posal of solid waste be comes a prob lem. An at tempt was made for fuel mod i fi ca tion to use the or ange skin pow der di rectly, in the form of a so lu tion, as a fuel in a CI engine [3] . In this tech nique, dry or ange skin pow der was mixed with die sel fuel and a so lu tion was ob tained. In this in ves ti ga tion, it was ob served that the en gine us ing or ange skin pow der die sel so lu tions (OSPDS) (10, 20 , and 30%) gave sat is fac tory per for mance. It was proved that or ange oil can be used as an al ter na tive fuel in a CI en gine by adopt ing the fu mi ga tion tech nique [4] .
One of the op er at ing pa ram e ters af fect ing the per for mance and emis sions of a die sel en gine is the fuel noz zle open ing pres sure [5] [6] [7] . Most of the noz zle open ing pres sure stud ies has been con ducted on di rect in jec tion (DI) die sel en gines us ing var i ous al ter na tive fu els. Higher noz zle open ing pres sures gen er ate faster com bus tion rates, re sult ing in high cyl in der gas temper a tures. This tends to va por ize the fuel spray so quickly that the fuel can not pen e trate deeply into the com bus tion cham ber. There fore, the ini tial com bus tion with the spray is re stricted to a small re gion near the in jec tor, and the flame spreads around the chamber through slow propagation [8] .
High noz zle open ing pres sure was used to re duce par tic u late emis sions sig nif i cantly with no change in HC emis sions and in creas ing NO x emis sions mar gin ally [9] . In creas ing the noz zle open ing pres sure of the en gine run ning with eth a nol-die sel emul sions, re duces CO and smoke emis sions, while in creas ing the NO x [10] . Other meth ods used to re duce the NO x and PM were us ing cetane num ber improver in eth a nol-die sel blend [11] and die sel-oil emul sion [12] .
The main aim of the pres ent work is to use a so lu tion ob tained from or ange skin powder mixed with die sel and to de ter mine the com bus tion, per for mance, and emis sion char ac ter istics of a com pres sion ig ni tion en gine at dif fer ent fuel noz zle open ing pres sures and de ter mine the op ti mum nozzle opening pressure.
Fuel prep a ra tion
The or ange skin pow der mixed with die sel in the form of a slurry or in the form of a solu tion can be used as an al ter nate or par tial sub sti tute to die sel. The pro cess of mak ing or ange skin pow der in volves 3 steps: (1) wet orange skin was taken in the form of a hemispherical cup; this was cut into 4 pieces for solar drying, (2) orange peel was dried for about 7 to 10 days (the weight of orange skin reduced by 60%), and (3) the dried orange skin was ground in a flourmill to make a fine powder; the powder was sized to less than 100 microns. A so lu tion was pre pared from de-mois tur ized and finely ground or ange skin pow der mixed with die sel fuel on mass ba sis. 10% of or ange skin pow der was mixed with 90% die sel (i. e. 100 g pow der + 900 g die sel fuel). Af ter 15 to 20 days, the mix ture was fil tered in the form of OSPDS and only 93% (930 g) of OSPDS was ob tained. Sim i larly, 20% blend (200 g pow der + 800 g die sel fuel) and 30% blend (300 g pow der + 700 g die sel fuel) gave 85% (850 g) and 76% (760 g) OSPDS, re spec tively. Die sel loss in creased when more dry or ange skin pow der was mixed with die sel fuel be cause the die sel fuel ab sorbs the pow der in the form of a pre cip i tate. Pre cip i tated diesel fuel was squeezed and added to the OSPDS. The OSPDS avail able in the form of a so lu tion con tains no solid par ti cles. In the study the max i mum quan tity of or ange skin pow der used was 30% and the prob lems of plug ging in the fuel fil ter, fuel in jec tion pump and in jec tor were not observed. Die sel fuel No. 2 was used for base line data gen er a tion.
It can be ob served from tab. 1 that or ange skin pow der con sists of mois ture, min eral mat ter, ni tro gen, and ox y gen. These prop er ties make the pow der to re act with die sel fuel when or ange skin pow der is mixed with die sel fuel. A com par i son of some prop er ties of 30% or ange skin pow der die sel so lu tion with die sel fuel and the ul ti mate anal y sis of or ange skin powder is shown in tab. 1.
Ex per i men tal setup and pro ce dure
Tests were car ried out on a sin gle cyl inder, air cooled, di rect in jec tion sta tion ary diesel en gine that had a bore of 87.5 mm, a stroke of 110 mm, and dis place ment of 661 cm 3 . The sche matic di a gram of the ex per i men tal setup is shown in fig. 1 . The en gine (1) had a rated out put of 4.4 kW at 1500 rpm with a com pression ra tio 17.5:1 and noz zle open ing pres sure of 215 bar at pump valve open ing tim ing 23°b e fore top dead cen tre (bTDC), as spec i fied by the man u fac turer. The en gine was cou pled to an elec tric dy na mom e ter (2) to pro vide the brake load with an elec tric panel (3) . A fuel switch ing cir cuit (7) was used to change over from one fuel to an other while the en gine was run ning. The fuel con sump tion was mea sured with the aid of a bu rette (5, 6) and a stop watch ar range ment. The ex haust gas tem per ature was mea sured by a ther mo cou ple (10). The in-cyl in der pres sure was mea sured by in stall ing a KISTLER type 7063-A, sen sitiv ity 7A Pc/bar, wa ter cooled piezo-elec tric pres sure trans ducer (13) into the cyl in der head, which was con nected to the charge am pli fier (14), and a TDC en coder (12) was fixed on the flywheel. The an a logue sig nals from these were con verted to dig i tal sig nals and fed into a cath ode ray os cil lo scope (CRO) (15). A printer (16) was used to get the sig nal out put of CRO. For emission mea sure ments, a five gas an a lyzer (11) was used to mea sure the level of HC, CO 2 , CO, O 2 , and NO x . The spec i fi ca tions of the mea sur ing de vices with their ac cu racy are given in tab. 2.
Ex per i ments were car ried out ini tially us ing die sel fuel to gen er ate the base line data. The OSPDS was stored in a sep a rate fuel tank as shown in fig.1 . The en gine was started with die sel fuel and then switched over to 10, 20, 30, and 40% OSPDS for the ex per i men tal in ves ti gation with fuel noz zle open ing pres sure of 215 bar at pump valve open ing tim ing of 23° bTDC. A stan dard me chan i cal type fuel in jec tion pump was used for sup ply ing OSPDS. Af ter ex per i menta tion with OSPDS, the en gine was run for some time with die sel to en able trou ble free op er ation later on.
Knock ing and mis fir ing were ob served when the en gine was fu eled with 40% OSPDS. It was also no ticed that OSPDS quan tity de creased when or ange skin pow der was added with die sel fuel. For the above rea sons, 30% OSPDS was con sid ered as op ti mum. From the ex per imen tal re sults, it was ob served that 30% OSPDS showed lesser emis sions how ever with a re duction in brake ther mal ef fi ciency com pared to 10 and 20% OSPDS. Some of the im por tant re sults are given in tab. 3. The brake ther mal ef fi ciency could be im proved and emis sions with 30% OSPDS could be re duced by adopt ing higher nozzle opening pressures. 
Ta ble 2. Spec i fi ca tion of mea sur ing in stru ments
No.
Name Ex per i ments were con ducted with die sel fuel and op ti mum 30% OSPDS from no load to full load with the orig i nal noz zle open ing pres sure of 215 bar, and then changed to 235 bar and 255 bar. All the ex per i ments were con ducted at the rated en gine speed of 1500 rpm, and con stant in jec tion tim ing of 23° bTDC.
Re sults and dis cus sion

Brake ther mal ef fi ciency
The ther mal ef fi ciency of OSPDS at dif fer ent noz zle open ing pres sure is compared with that of die sel fuel in fig. 2 . The brake ther mal ef fi ciency at full load for OSPDS at 215 bar noz zle open ing pres sure is 27.6%, at 235 bar it is 28.7%, at 255 bar it is 25.3%, and for die sel fuel it is 29.3%. The brake ther mal ef fi ciency at 235 bar with OSPDS is about 1.1% higher than that of OSPDS at 215 bar noz zle open ing pres sure and is about 1.2% less than that of die sel fuel. This may be due to finer fuel spray and op timum drop let size of OSPDS at 235 bar fuel noz zle open ing pres sure. The smaller drop lets of OSPDS mix with air through out the com bus tion cham ber form ing a ho mog e nous change, thus re sult ing in com plete com bus tion at 235 bar pres sure.
Car bon mon ox ide emis sion
A com par i son of CO emis sion with brake power for die sel and OSPDS at dif fer ent nozzle open ing pres sures is shown in fig. 3 . Gen er ally, die sel en gines pro duce lower CO due to a higher sup ply of ox y gen. The CO emis sion at full load at 215 bar in the case of OSPDS is 0.33 g/kWh, at 235 bar it is 0.26 g/kWh, at 255 bar it is 0.58 g/kWh, and for die sel it is 0.38 g/kWh. It can be no ticed that the CO emis sion de creases upto 235 bar noz zle open ing pres sure. This may 
Fig ure 2. Vari a tion of brake ther mal ef fi ciency
be due to com plete com bus tion, which re sults in a higher heat re lease rate and higher brake ther mal ef fi ciency at 235 bar pres sure.
The CO emis sions in crease at 255 bar noz zle open ing pres sure due to lon ger du ra tion of com bus tion, which re sults in lower peak heat re lease rate, and lower peak pres sure [10] .
Hy dro car bon emis sion
The vari a tion of HC emis sion with brake power for OSPDS at fuel noz zle open ing pres sures 215 bar, 235 bar, 255 bar, and die sel is shown in fig. 4 . The HC emis sion at full load at 215 bar fuel noz zle open ing pres sure is 0.023 g/kWh, at 235 bar it is 0.019 g/kWh, at 255 bar it is 0.035 g/kWh, and for die sel fuel it is 0.059 g/kWh. The HC emis sion re duces mar gin ally at 235 bar and re duces sig nif i cantly com pared to die sel at 215 bar. This may be due to com plete com bus tion of OSPDS and also the avail abil ity of fuel-air mix ture at lean con di tion. Nor mally, ox y gen ated fu els give lower emis sions of HC and CO [13] . When the noz zle open ing pres sure is in creased to 255 bar, the HC in creases due to im proper mix ing be cause, some fuel par ti cles do not get burned due to higher spray an gle and will not pen e trate in side the com bus tion cham ber. This may re sult in in com plete com bus tion that would in crease the hy dro car bon emis sions. load to 0.82 BSU at full load, and for 255 bar it var ies from 0.3 BSU at low load to 1.0 BSU at full load. It can be ob served that the smoke level is lower at 235 bar noz zle open ing pres sure than that of die sel fuel. The pro mo tion of fuel air mix ing caused by the spray in jected with high pres sure re sults in shorter com bus tion du ra tion and a re duc tion in lo cal fuel rich re gion [9] which re sults in lower smoke level with OSPDS at 235 bar noz zle open ing pres sure. How ever, the smoke level in creased with an in crease in the noz zle open ing pres sure to 255 bar in the en tire load spec trum. This is due to lon ger dif fu sion com bus tion phase, as the fuel does not burn completely [13] .
Smoke emis sion
Ox ides of ni tro gen
Fig ure 6 shows the vari a tion of NO x with brake power for die sel and OSPDS. The NO x emis sion at full load at fuel noz zle open ing pres sure of 215 bar with OSPDS is 17.7 g/kWh, at 235 bar it is 20.2 g/kWh, at 255 bar it is 13.67 g/kWh, and for die sel fuel it is 14.9 g/kWh. The emis sion of NO x is signif i cantly in flu enced by the in-cyl in der gas tem per a ture and avail abil ity of ox y gen during com bus tion It can be no ticed that the NO x emis sion is higher for 215 bar OSPDS than that of die sel and OSPDS at other noz zle open ing pressures. The prob a ble rea son for the in crease in NO x may be due to high in ten sity heat re lease in the pre mixed com bus tion phase [7] with OSPDS. It is also ob served that the NO x emis sion decreases when the fuel noz zle open ing pres sure in creases. This may be due to cor re spond ing changes in the in cyl in der gas tem per a ture and the low in ten sity heat re lease rate in the pre mixed com bus tion phase and lon ger com bus tion du ra tion.
Pres sure vari a tion
Fig ure 7 shows the vari a tion of cyl in der pres sure with crank an gle for the en gine run ning on OSPDS and die sel fuel at rated power. The cyl in der pres sure is 71 bar for die sel fuel and it is 73 bar, 75 bar, and 69 bar for OSPDS at 215 bar, 235 bar, and 255 bar noz zle open ing pres sures, re spec tively. It can be ob served that the cyl in der pres sure for OSPDS is higher at 235 bar noz zle opening pres sure. This may be due to the improved spray pat tern of OSPDS. It can also be ob served that the ig ni tion de lay re duces with OSPDS at 255 bar noz zle open ing pres sure, thus re sult ing in re duced cyl in der pres sure [7] . The low est peak pres sure with 255 bar noz zle open ing pres sure for OSPDS is due to a lesser heat re lease rate dur ing com bus tion, ow ing to lesser spray pen e tra tion in side the com bus tion chamber. 
Heat re lease rate
The heat re lease rate for OSPDS at fuel noz zle open ing pres sures of 215 bar, 235 bar, 255 bar, and for die sel fuel at rated load is shown in fig. 8 . It can be seen that the heat re lease rate for OSPDS at 235 bar noz zle open ing pres sure is higher than that of diesel fuel and other noz zle open ing pres sures. When the noz zle open ing pres sure is increased, the amount of fuel de liv ered dur ing the ig ni tion de lay pe riod in creases be cause of the high in jec tion rate. The mix ing process of fuel with air is also en hanced by higher noz zle open ing pres sures.
As a re sult, a more com bus ti ble mix ture is formed dur ing the ig ni tion de lay, and higher ini tial com bus tion takes place. This is the rea son for the higher heat re lease rate for OSPDS at 235 bar noz zle open ing pres sure. The peak heat re lease rate at full load for die sel fuel is 39 J/°CA, for OSPDS at 215 bar noz zle open ing pres sure it is 50 J/°CA, for OSPDS at 235 bar noz zle open ing pres sure it is 54 J/°CA and for OSPDS at 255 bar noz zle open ing pres sure it is 38 J/°CA. In the case of 255 bar, the heat re lease rate is lower due to lesser air en train ment. Since the fuel drop lets are very fine they do not find air to form a ho mo ge neous mix ture [13] .
Max i mum rate of pres sure rise
The vari a tion of max i mum rate of pres sure rise with brake power for die sel fuel and OSPDS at dif fer ent fuel noz zle open ing pres sures is shown in fig. 9 . The max i mum rate of pressure rise for die sel fuel var ies from 3.4 bar/°CA at low load to 3.8 bar/°CA at full load; at 215 bar with OSPDS it is 3.5 bar/°CA at low load to 4.1 bar/°CA at full load, at 235 bar with OSPDS it is 3.7 bar/°CA at low load to 4.3 bar/°CA at full load and at 255 bar with OSPDS it is 2.8 bar/°CA at low load to 2.9 bar/°CA. It can be no ticed that the max i mum rate of pres sure rise is higher at 235 bar with OSPDS at all the loads. This is due to the finer spray for ma tion re sult ing in better com bus tion [7] . In the case of 255 bar noz zle open ing pres sure, the rate of pres sure rise is lesser com pared to other noz zle open ing pres sures with OSPDS and die sel fuel. This may be due to lesser spray pen e tra tion with OSPDS, which re sults in a lower rate of pres sure rise.
Con clu sions
A sin gle cyl in der com pres sion ig ni tion en gine was op er ated suc cess fully us ing or ange skin pow der die sel so lu tion (OSPDS) as an al ter na tive fuel at dif fer ent noz zle open ing pressures. Tests car ried out at 215 bar, 235 bar, and 255 bar noz zle open ing pres sure in di cated that 235 bar is op ti mum for better per for mance and re duc tion in emis sions. The fol low ing con clu - thermal efficiency of about 1.1% than that of 215 bar nozzle opening pressure with OSPDS. · CO emission reduced by about 39% of OSPDS is comparable to that of diesel. · HC emission is lesser by about 66%. · Smoke emission reduced by 27%. · NO x emission is higher by about 26%. · The peak cylinder pressure and the peak heat release rate increased.
It is ob served that the use of OSPDS in an en gine at 235 bar noz zle open ing pres sure, in crease the brake ther mal ef fi ciency than at 215 bar. At the same time, the smoke, HC and CO emis sions are lower and the NO x emis sions are higher with OSPDS than that of die sel fuel.
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